This paper focuses on the analysis of the sensitivity of UV erythemal radiation (UVER) to variations of the total ozone column (TOC) under different sky conditions at Granada (southeastern Spain). The sensitivity is studied both in relative terms by means of the Radiation Amplification Factor (RAF) and in absolute terms using the Ozone Efficiency (OE).
INTRODUCTION
There is currently a growing interest in evaluating the ultraviolet (UV) radiation levels at the Earth's surface due mainly to the potentially harmful effects of this radiation on human health, ecosystems, photochemical processes and materials (1) . Among the adverse effects associated with UV radiation overexposure, the erythema or sunburn of human skin receives a notable attention by society. The UV erythemal radiation (UVER) accounts for this effect weighting the solar UV radiation with the erythemal spectral response function (2) . This spectral response exhibits its maximum sensitivity in the UV-B spectral range (280-315 nm) where the ozone variations produce great radiative effects.
Diverse physical and photochemical processes of scattering and absorption attenuate UVER through the atmosphere, causing substantially smaller UVER values at the Earth's surface than at the top of the atmosphere. The atmospheric ozone is the main attenuating factor and its influence on UVER at the surface has been usually studied by means of the Radiation Amplification Factor (RAF) defined as the percentage increase in UVER that would result from a 1% decrease in the total ozone column (3) . The RAF has become a widely used standard index during last decades to evaluate the UVER sensitivity to atmospheric ozone changes at different locations worldwide (4) (5) (6) (7) (8) . RAF values are usually referred to cloud-free conditions due to the strong influence of cloudiness over the short-term variability of UVER data (9) (10) (11) . Hence, RAF values for cloudy conditions are reported only in a few works in literature (12, 13) .
In this framework, the main objective of this paper is to evaluate the sensitivity of UVER values to atmospheric ozone changes during different sky conditions at Granada (southeastern Spain) both in relative terms from the RAF and in absolute terms by means of the Ozone Efficiency (UVER change per unit of ozone column). For this goal, the empirical expression proposed by Antón et al. (14) for all sky conditions is used together with cloud cover information given by a sky camera and cloud optical depth (COD) values estimated from global solar radiation measurements. It is therefore expected that this paper will improve the understanding of the impact of ozone changes on UV radiation. Global solar irradiance (0.305-2.8 μm) was measured by a CM-11 pyranometer manufactured by Kipp & Zonen (Delft, The Netherlands), which was periodically checked against a reference pyranometer at the study site. From these measurements, COD data were estimated following the expression proposed and tested by Barnard et al. (16) being adequate to characterize the influence of clouds on the UV spectral range (17) . As suggested by the authors, a simple criteria based on cloud transmission values is adopted: when it is above 0.8 ice cloud properties are assumed in the COD evaluations, meanwhile values below 0.8 are an indicator of liquid water clouds. The uncertainty attributed to these COD retrievals was about 1 (16) , and the use of this info as input in radiative transfer simulations to obtain spectral cloud transmissions in the UV range, compared to experimental data, provides an uncertainty below 12% for COD varying between 10 and 20 (17) .
MATERIALS AND METHODS

Datasets
The required cloud-free estimations in this methodology are empirically evaluated using only the entire cloud-free days available in the analyzed period (detected by the all-sky camera, see next paragraph). In addition, the clearness index (kt) was also obtained as the ratio of the global solar irradiance to the extraterrestrial global solar irradiance on a horizontal surface (18) . Both COD and kt values were obtained with 1-minute intervals during daytime.
An All-Sky Imager provided images of the whole sky dome during daytime at 5 min intervals.
This instrument is a custom adaptation of a CCD camera using a digital color video camera mounted with a fish-eye lens (180 FOV) pointing to the zenith which provides cloud cover information in oktas (i.e., eighths of the sky obscured by clouds) (19, 20) .
Daily values of the total ozone column (TOC) in Dobson Units (DU) over the study site were provided by the Ozone Monitoring Instrument (OMI) (21) . The OMI satellite data used in this work were retrieved from the OMI-TOMS algorithm, which is based on the long-standing NASA TOMS V8 retrieval algorithm (22) .
Methodology. Antón et al. (14) proposed the following analytic formula to relate UVER to TOC values for all-sky conditions:
where μ0 is the cosine of the solar zenith angle (SZA), and kt is the clearness index which is derived from total solar irradiances recorded with the CM-11 pyranometer. The SZA is obtained for each sky image taken every 5 min, the 1-min UVER and kt data were averaged within ±1 min of each sky image (three 1-min measurements), while TOC corresponded to daily OMI observations. The coefficient c is a useful indicator of the sensitivity of UVER to variation in TOC, representing the negative value of the RAF (23).
The expression 1 is based on the multiplicatively separate power dependences of UVER on both μ0 and TOC values, which was explained in detail by Micheletti et al. (24) Another relevant magnitude to analyze the sensitivity of UVER values to TOC changes is the Ozone Efficiency (OE), defined as the rate at which the UVER is "forced" per unit of TOC, being expressed as follows (25):
Therefore, the OE for all-sky conditions can be calculated performing the derivate of Eq. 1 with respect to TOC:
While the RAF reports about the relative UVER changes due to relative TOC changes, the OE reports about the relationship between the absolute variations (in physical units) in UVER and 8 TOC values. As the coefficient c has negative sign, OE also presents a negative value which indicates that an increase (decrease) of TOC produces a decrease (increase) of UVER.
Nevertheless, in this study, the OE values are shown with positive sign like the RAF values.
RESULTS AND DISCUSSION
With the purpose of analyzing in detail the cloudiness influence on the sensitivity of UVER values to ozone changes, the RAF was determined for sky conditions with identical cloud cover using UVER, µ0, kt and TOC data for those cases with SZA below 80º. For this goal, a multiple regression analysis (Eq. 1) was performed using the least squares approach for each fraction of cloud cover measured by the All-Sky Imager. Taking the natural logarithm of Eq. 1 provides a linear equation in ln(µ0), ln(TOC), ln(kt) and with regression coefficients b, c and d.
We then define a confidence limit of 95% for the regression and resultant coefficients. Table   1 shows RAF values with their intervals at the 95% level of confidence for each cloud cover (in oktas), including the number of data used in each regression analysis and two statistical parameters: the coefficient of determination (R 2 ) and the root mean square error (RMSE). The regression analysis shows excellent results with R 2 higher than 0.97 for all cloud cover cases and RMSE smaller than 15% for cloud cover below 6 oktas. This latter statistical parameter reaches a value of 26% for almost overcast conditions (7 oktas) and 37% for completely overcast situations (8 oktas), which indicate a notable increase of the spread for these cloudy cases. Regarding the RAF, From the results commented above, if there is a relative decrease of 1% in the TOC between two overcast cases with the same SZA and kt, then UVER increases around 1.4% in Granada site, while an identical relative TOC decrease during cloud-free conditions produces an UVER increase of around 1.1%. Hence, in relative terms, UVER exhibits a larger sensitivity to ozone changes during overcast conditions than during cloud-free situations. This behavior is mainly due to the shift that clouds cause toward shorter wavelengths where the UVER sensitivity to ozone changes is higher (26) . This shift occurs because under clear sky conditions the shorter wavelengths are already attenuated by Rayleigh scattering more than the longer wavelengths and, so the clouds will overwhelm this Rayleigh-induced wavelength dependence. Furthermore, the clouds increase the upward flux of photons above them, being some of those photons backscattered in the downward direction through Rayleigh scattering with the subsequent increase of downward flux at the cloud top (27) . Additionally, the tropospheric ozone located within clouds may also produce an amplification of UV absorption due to the enhancement in the optical path by scattering processes (28) (29) (30) . These phenomena explain that any ozone variation during cloudy conditions will cause a larger radiative amplification, in relative terms, than during the equivalent cloud-free cases.
One should bear in mind that RAF informs about relative changes in both UVER and TOC, so the larger RAF values observed for overcast cases than for cloud-free conditions do not imply that the ozone depletion episodes in heavy cloudy days will have a stronger erythematic effect than the same ozone depletion event in cloud-free days. To analyze this issue, the OE quantifies the absolute UVER changes per unit of TOC, being dependent on the SZA, TOC, and sky conditions. OE values were obtained from the full expression given by Eq.
3 for each sky image taken every 5 min for all SZA below 80º. The coefficients (a, b, c and d) used in Eq. 3 to obtain the OE values were determined for each fraction of cloud cover from the multiple regression analysis given by Eq. 1. Table 2 shows the OE averages (± one standard deviation) for each fraction of cloud cover and four specific cases with fixed SZA and TOC values. It can be seen that that OE values are substantially smaller for SZA=60º than for SZA=30º due to the strong decrease of UVER with increasing SZA under similar TOC and cloud cover conditions. Furthermore, for a fixed SZA and cloud cover, OE is higher for a TOC of 290 DU than for 350 DU because, as ozone decreases, the UVER values recorded at surface are larger. Regarding the influence of sky conditions on OE values, Table 2 shows that, for each of the four selected cases, the OE displays similar values below 6 oktas, while this variable substantially reduces its value for those cloudy cases with 7 and 8 oktas. The results summarized in Tables 1 and 2 
CONCLUSION
From the results obtained in this study, it can be stated that the analysis of the sensitivity of UVER values to TOC changes during different sky conditions differs if the analysis is performed in relative terms (from the RAF) or in absolute terms (from the OE). Thus, the RAF increases from 1.1 (0 oktas) to 1.4 (8 oktas), pointing out that, in relative term, the ozone changes produce larger UVER variations at surface during completely overcast conditions than during cloud-free cases. By contrast, in absolute term, as clouds usually produce a strong attenuation of the surface UVER values, their sensitivity to TOC changes during cloudy situations is substantially smaller than during cloudless cases. Additionally, both RAF and OE exhibit a great dependence on the cloud optical depth during overcast conditions, but with opposite sign: while RAF increases with increasing COD, the OE substantially reduces its value as COD increases. To sum up, the UVER sensitivity to ozone changes is strongly affected by the sky conditions related to the cloud cover. Further investigation is needed in order to determine this sensitivity in other sites (e.g., urban areas with high aerosol load in the boundary layer).
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